INTRODUCTION
The most characteristic feature of tubulin is its capacity for self-assembly from the promoter to a closed polymeric structure with a defined polarity (Amos, 1979) . Limited proteolysis has been used to analyse microtubule protein structure and function (Love et al., 1981; Brown & Erickson, 1983; Serrano et al., 1984a Serrano et al., , 1986 Mandelkow et al., 1985; Serrano & Avila, 1985; Sackett et al., 1985) . Recently it was shown that the removal of a C-terminal fragment of both tubulin subunits by subtilisin digestion increased their capacity for self-assembly (Serrano et al., 1984a; Sackett et al., 1985) . However, limited proteolysis with other proteinases (Brown & Erickson, 1983; Maccioni & Seeds, 1983; Serrano et al., 1984b) resulted in the inhibition of this process.
After limited proteolysis, the assembled tubulin polymer could be different from that of microtubules. For example, the assembly of subtilisin-digested tubulin results in the appearance of hooked microtubules (Serrano et al., 1984a) , showing a constant polarity for the hooks, as in the case of cellular microtubules (Heidemann & McIntosh, 1980) . This polarity has been related to the directional growth of the polymer (Heidemann & McIntosh, 1980) .
Our objectives in the present study were (a) to analyse the regions involved in regulation of the initiation of tubulin assembly, and (b) to analyse the regions involved in determining the correct morphology, polarity of microtubule polymer and lateral interactions between polymers.
Our results indicate the involvement of specific regions of the tubulin molecule in facilitating the initiation of microtubule assembly and in determining the morphogenetic features of the assembled tubulin polymers.
MATERIALS AND METHODS Purification of tubulin
Tubulin from pig brain was prepared by temperaturedependent cycles of assembly-disassembly by following the procedure of Shelanski et al. (1973) , and was stored as pellets at -70 'C. Immediately before use, pellets were resuspended in buffer A (0.5 mM-MgCl2/2.0 mm-EGTA/Mes/NaOH buffer, pH 6.4) and a third cycle of assembly-disassembly was performed. Tubulin depleted of microtubule-associated proteins was obtained by phosphocellulose chromatography as described by Weingarten et al. (1975) . Characterization of phosphocellulose-purified tubulin by gel electrophoresis showed no other bands apart from tubulin subunits.
Proteolytic digestion
Tubulin in buffer A at a concentration of 2 mg/ml was used routinely in all experiments. Proteinases were resuspended in buffer A at 0 'C at a concentration of 1 mg/ml, separated into 20,1 fractions and stored in liquid N2. Controlled proteolysis of tubulin was performed by incubation of tubulin with the different proteinases, as indicated in Table 1. After digestion, 1 mM-phenylmethanesulphonyl fluoride was added and the samples were either subjected to electrophoresis after being mixed with electrophoresis sample buffer as indicated by Laemmli (1970) 
RESULTS
Effect of limited proteolysis of tubulin on its capacity for self-assembly Limited proteolysis of tubulin can result in either the enhancement or the inhibition of its self-assembly, depending on the proteinase used (Brown & Erickson, 1983; Maccioni & Seeds, 1983; Serrano et al., 1984a,b) . Whereas trypsin or chymotrypsin digestion decreases the capacity of tubulin to polymerize (Maccioni & Seeds, 1983; Serrano et al., 1984b) , subtilisin digestion increases tubulin polymerization capacity (Serrano et al., 1984b; Sackett et al., 1985) . In the latter case, a cleavage near the C-terminus of both tubulin subunits was produced by Table 2 . Percentages of uncleaved a-and I8-subunits together with those of their proteolytic fragments (a' and fi) after digestion for 30 min at 30°C with various proteinases V8-S V8 S S-V8 + Phosphocellulose-purified tubulin was incubated with 2 % (w/w) S. aureus V8 proteinase (V8a); or 1% (w/w) S. aureus V8 proteinase (V8b), or 0.1 % (w/w) proteinase K (pK), or 1.25% (w/w) subtilisin (S). Also, a sample of undigested tubulin was polymerized in the presence of 10% (v/v) dimethyl sulphoxide. The percentage of uncleaved subunits and their proteolytic fragments were calculated by densitometry of the photographs obtained from gel electrophoresis of the digested samples by using a P-1700 Optronics microdensitometer. subtilisin. Digestion of purified tubulin with S. aureus V8 proteinase resulted in the appearance of a cleaved polypeptide (,B') with an electrophoretic mobility similar to that of subtilisin-digested tubulin fl-subunit as well as other proteolytic fragments with a higher electrophoretic mobility than that of the fl'-polypeptide ( Fig. 1 ).
Digestion of tubulin with proteinase K resulted in the cleavage of both tubulin subunits (a and f,), yielding cleaved polypeptides (a' and fi') with electrophoretic mobilities similar to those of subtilisin-cleaved tubulin subunits. Proteinase K digestion also produces other proteolytic fragments with a higher electrophoretic mobility than the fi' polypeptide ( Fig. 1) .
A formic acid cleavage analysis of the undigested (a.
and f) and the digested (a' and fi') tubulin subunits was performed as previously indicated (Sonderegger et al., 1982; Serrano et al., 1984a) in order to determine whether the main cleavage site produced by S. aureus V8 proteinase or proteinase K digestion of these subunits was near the C-terminal or the N-terminal end (results not shown). The result obtained indicated that S. aureus V8 proteinase cleaves the fl-subunit at a site identical with or very proximal to that produced by subtilisin cleavage (position 408-409) (Maccioni et al., 1986) , whereas the a-subunit was not cleaved at this position.
Proteinase K cleaved a-and fl-subunits at positions similar to those cleaved by subtilisin (positions 417-418 and 408-409) (Maccioni et al., 1986) . Under the conditions used for limited proteolysis, the percentage of a-and fl-subunits cleaved at their C-terminal region varied for each proteinase ( further degraded to lower-molecular-mass fragments (results not shown). This formic acid mapping was also confirmed by performing double digestions of tubulin. Tubulin was first digested with S. aureus V8 proteinase or subtilisin, the digested protein was polymerized and the polymerized protein was further digested with subtilisin in the first case and S. aureus V8 proteinase in the second case (Fig. 2) . The result of this experiment confirmed the formic acid mapping and indicates that upon S. aureus V8 proteinase digestion a conformational change was not produced, since the subtilisin digestion pattern of the S. aureus-V8-digested protein is similar to that found with subtilisin digestion of undigested tubulin (Fig. 2) .
Effect of limited proteolysis of tubulin on its self-assembly As indicated above, limited proteolysis of tubulin can affect its polymerization capacity, depending on the proteinase used. Digestion with some proteinases yielded cleaved subunits with a lower polymerization capacity, whereas others increased this capacity. Fig. 3 shows that S. aureus V8 proteinase or proteinase K digestion resulted in cleaved subunits with a higher polymerization capacity than that of undigested tubulin, but lower than that of subtilisin-cleaved subunits. S. aureus-V8-proteinase-and proteinase-K-cleaved tubulin subunits retained not only their polymerization but also their depolymerization capacity, comparable with subtilisin-digested tubulin. Thus cleaved tubulin may be purified by successive polymerization-depolymerization cycles. Fig. 4 shows Vol. 252 Fig. 1 with a higher electrophoretic mobility than that of the /J'-polypeptide.
It has been indicated that upon subtilisin removal of the C-terminal domain of both subunits, the digested tubulin subunits polymerize at a similar critical concentration to that of tubulin plus microtubule-associated proteins (Serrano et al., 1984a; Sackett et al., 1985) , and lower than that of undigested tubulin. This result suggests a higher nucleation capacity for subtilisin-cleaved tubulin than that of undigested tubulin (Serrano et al., 1984a) . S. aureus-V8-proteinase-and proteinase-K-digested tubulin purified by two polymerization cycles exhibited a similar critical concentration, which was higher than that of subtilisin-digested tubulin (1.7 mg/ml compared with 0.4 mg/ml), but lower than that of undigested tubulin (1.7 mg/ml compared with > 5 mg/ml) (Fig. 5) .
Effect of limited proteolysis of tubulin on the shape of assembled tubulin poly-mers Two types ofproteinases were used, those that decrease (trypsin, chymotrypsin and Pronase) and those that increase (subtilisin, proteinase K and S. aureus V8 proteinase) tubulin self-assembly. In the first case dimethyl sulphoxide was added to facilitate polymerization (Himes et al., 1977) , but in the second case dimethyl sulphoxide was omitted for polymerization. As shown in Fig. 6 , in the presence of dimethyl sulphoxide undigested tubulin-, trypsin-or Pronase-digested tubulin polymerized into microtubules and open structure (the morphology of the latter is probably induced by the addition of dimethyl sulphoxide) (Himes et al., 1977) . However, after chymotrypsin digestion, a dramatic change was observed in the morphology of the tubulin polymers, which were composed almost exclusively of extended sheets (see also Fig. 7c ). Chymotrypsin produced two cleavage sites on the fl-subunit (Fig. 7a, terminal end of the molecule, as determined by formic acid digestion (Fig. 7b, lane b) . The 2 kDa fragment differed from the 20 kDa peptide in only one region of approx 1 kDa, located at the C-terminal extreme of the ,f-subunit (see below, experiments of subtilisin-chymotrypsin double digestion; Fig. 7a, lane c) . To determine whether the dramatic change in morphology of the tubulin polymers upon chymotrypsin digestion was due to the cleavage at position 281-282 of the molecule (which resulted in the appearance of the 30 kDa fragment and 21 kDa C-terminal fragment) or at the C-terminal end (which yielded the 21 kDa fragment and the 20 kDa fragment by cleaving the 1 kDa end region) (Mandelkow et al., 1985; Serrano & Avila, 1985) , a double digestion with subtilisin followed by chymotrypsin was performed. After this digestion, the internal cleavage site, but not that at the C-terminal end, was maintained. Assembly of double-digested tubulin resulted in the appearance of structures with a morphology similar to those of subtilisin-digested tubulin polymers and different from those of chymotrypsin-digested tubulin structures (Fig. 7g) . This suggests that the morphology of tubulin polymers after chymotrypsin digestion is not determined by internal cleavage of the molecule. A result similar to, but not identical with, that of Fig. 7(g ) was found when tubulin was first digested with chymotrypsin and then with subtilisin ( Fig. 7f) , although in this case an increased number of open structures was found. A further comparison between the morphology of chymotrypsin-digested tubulin (Fig. 7c ) and subtilisin-chymotrypsin-double-digested tubulin polymers was then performed by optical diffraction of the electron micrographs obtained from both preparations [see Fig. 7 (c) and Serrano et al. (1984a) ]. As shown in Figs. 7(d) and 7(e), differences were found between both types of polymers, in that the doubledigested (subtilisin-chymotrypsin) tubulin polymers (Fig. 7c ) exhibited equatorial and longitudinal spacings similar to those described for microtubules (Amos, 1979) , but chymotrypsin-digested tubulin polymers did not (Fig. 7d) . It is possible that the chymotrypsindigested tubulin polymers are related to Zn2+-induced tubulin sheets (Crepeau et al., 1978) .
Differences were also found in the morphology of the polymers of tubulin assembled after digestion of the protein with proteinases that promote assembly (subtilisin, proteinase K and S. aureus V8 proteinase). As shown in qp.. Fig. 8 . Morphology of the assembled polymers of proteolyticaily (subtilisn, proteinase K and S. aureus V8 proteinase) digested tubulin Microtubule protein (MT) (2 mg/ml) or twice-cycled subtilisin-(S), proteinase-K-(PK) and S. aureus-V8-proteinase-(V8) digested tubulin (2 mg/ml) were polymerized in the absence of dimethyl sulphoxide and processed as indicated in Fig. 6 legend. Table 3 . Distribution of polymer structures found after limited proteolysis of tubulin Phosphocellulose-purified tubulin (Pc) was incubated with 2 % (w/w) S. aureus V8 proteinase (V8a), or 1 % (w/w) S. aureus V8 proteinase (V8b), or 0.1 % (w/w) proteinase K (PK), or 1 % (w/w) subtilisin (S). The samples were then polymerized in the presence of 10 % (v/v) dimethyl sulphoxide (undigested tubulin) or in its absence (digested tubulin). Thin sections, roughly perpendicular to the polymers, were examined by electron microscopy and photographs were taken. Around 450 different polymers from each sample were classified by their morphology and the percentage of each class is indicated. The polymers in which a great number of hooks were present, making any classification impossible, are indicated by MHF. The asterisk (*) indicates those polymers in which the hooks were oriented in opposite direction. (Heidemann & McIntosh, 1980) , whereas S. aureus V8 proteinase-digested tubulin polymers were composed mainly of closed polymers and few simple hooked polymers in which the hooks could grow bidirectionally. Proteinase-K-digested tubulin polymers were composed primarily of multiple hooked polymers, which were different from those assembled from subtilisin-digested tubulin (Fig. 8) , since the hooks grew in any direction, with no apparent organization. Table 3 shows the distribution of the different polymer structures found after limited proteolysis of tubulin with the three proteinases (subtilisin, S. aureus V8 proteinase and proteinase K).
DISCUSSION
Limited proteolysis of tubulin with different proteinases has indicated the existence of defined regions in both a-and fl-subunits of tubulin that are susceptible to proteolysis. In the a-subunit there are three regions, one located in the first third of the molecule (around position 133-134) (Maccioni & Seeds, 1983; Serrano et al., 1986) , another in the second third (around positions 320-321 and 339-340) (Serrano et al., 1984b; Mandelkow et al., 1985) , and the last near the C-terminal end (position 417-418) (Serrano et al., 1984a,c; Sackett et al., 1985; Maccioni et al., 1986) . In the f8-subunit these regions are in the first third of the molecule (around position 131-132) , in the second third (position 281-282) (Mandelkow et al., 1985; Serrano & Avila, 1985) , near the C-terminal end (position 408-409) (Serrano et al., 1984a,b; Sackett et al., 1985; Maccioni et al., 1986) and, as demonstrated above and as previously indicated by Mandelkow et al. (1985) , at about ten residues from the C-terminus of the f-subunit (Fig. 9) .
Cleavage at the first or second thirds of a-and ,-subunits resulted in a decrease in the tubulin polymerization capacity when Mes was used as buffer (Brown & Erickson, 1983; Maccioni & Seeds, 1983; Serrano et al., 1984b) .
Removal of the 40 residues located at the C-terminal region of the fl-subunit (S. aureus V8 proteinase) or of both tubulin subunits by subtilisin resulted in an increase of the initiation of tubulin polymerization (nucleation) and in an increase of lateral interactions between tubulin protofilaments. Erickson & Pantaloni (1980) interactions are the limiting step for polymer initiation. The increase in lateral interactions after removal of Cterminal region was observed by the formation of hooks. These hooks resembled those polymerized in the presence of dimethyl sulphoxide, detergent and salt and that could define microtubule directionality (Heidemann & McIntosh, 1980) . The results obtained on the morphology ofthe polymer after limited proteolysis of tubulin with subtilisin, S. aureus V8 proteinase or proteinase K indicated that in order to obtain the dramatic increase in lateral interactions between polymers it is necessary to remove the Cterminal region of both ac-and f-subunits (Table 3 ). The removal of only those residues located at the C-terminal end of f-subunits could result in the appearance of bidirectional hooked structures. Finally, the most different polymers observed with respect to microtubules were those found after limited proteolysis of tubulin with chymotrypsin. As we have indicated by double-digestion experiments with subtilisin and chymotrypsin, removal of about ten amino acid residues of the C-terminal region of the f8-subunit resulted in the appearance of open sheets with a variable number of protofilaments, in which the arrangement of tubulin subunits was different from that found in microtubules, and probably resembled that of Zn2+-induced tubulin sheets. This result contradicts that described for chymotryptic digestion of tubulin by Mandelkow et al. (1985) , in which they found normal dimethyl sulphoxide-induced tubulin polymers after chymotryptic digestion of tubulin (Himes et al., 1977) . Mandelkow et al. (1985) used a lower enzyme/tubulin ratio and a lower temperature for chymotrypsin digestion than those used in this work, conditions that could have resulted in a lower proportion of cleaved tubulin and, consequently, in the formation of polymers similar to those found for dimethyl sulphoxide-induced polymers from undigested tubulin (Himes et al., 1977) . Moreover, they purified tubulin by a different method and stored it in sucrose at -70 'C. Recently it has been reported that the shape of the tubulin dimer in the microtubule is changed upon adding sucrose to the polymerizing buffer (Beese et al., 1987) . Consequently the incubation of tubulin with sucrose before digestion could result in a conformational change and in the appearance of polymers with different morphology.
These results also suggest that the C-terminal region of tubulin could be divided into at least two regions, one that comprises the last ten amino acid residues of the fsubunit and seems to be involved in the arrangement of the subunits and in the curvature of the polymer, and a second that comprises the last 40 amino acid residues of both subunits and seems to be involved in the closure, directional growth, nucleation of microtubules and lateral interactions between polymers (Fig. 9) . These results are also of interest in the light of the fact that the most variable region between isotubulins of the same species in vertebrates is the region comprising the last 15 residues of the a-and f-subunits (Sullivan & Cleveland, 1983; Villasante et al., 1986) ; this region is conserved in the same isotubulin peptides among different vertebrate species (Sullivan & Cleveland, 1983; Villasante et al., 1986) . These data imply that the C-terminal region of tubulin is a regulatory domain involved in the polymerization of tubulin and in the morphology of tubulin polymers. It contains completely conserved regions at residues 390-437 of the a-subunit and residues 380-427 of the f-subunit, which are probably involved in fundamental aspects of microtubule functions, and variable regions (from the final amino acid residues of the conserved regions to the C-termini of the tubulin subunits) that probably confer functional specificity to the isotubulins. 
